We show how a broad class of lattice spin-1/2 models with angular-and distance-dependent couplings can be realized with cold alkali atoms stored in optical or magnetic trap arrays. The effective spin-1/2 is represented by a pair of atomic ground states, and spin-spin interactions are obtained by admixing van der Waals interactions between fine-structure split Rydberg states with laser light. The strengths of the diagonal spin interactions as well as the "flip-flop", and "flip-flip" and "flopflop" interactions can be tuned by exploiting quantum interference, thus realizing different spin symmetries. The resulting energy scales of interactions compare well with typical temperatures and decoherence time-scales, making the exploration of exotic forms of quantum magnetism, including emergent gauge theories and compass models, accessible within state-of-the-art experiments.
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H /U , with t H the hopping amplitude of atoms between lattice sites, and U the onsite interactions, resulting in (rather small) energy scales of a few-tens of Hertz (or few nK) regime [3] (see however [4] ). Below we take an alternative route, and show that laser-excited interacting Rydberg atoms [5] provide us not only with a complete toolbox to design and realize the complex spin-1/2 models of interest, but also give rise to energy scales much larger than relevant decoherence rates. In contrast to models where a spin is encoded directly in a Rydberg state [6] we use ground state atoms weakly dressed with Rydberg states by laser light [6] , which can be trapped in (large spacing) optical [7] or magnetic lattices [8] of various geometries. This should make phases of exotic quantum magnetism accessible to present atomic experiments.
We are interested in general XYZ spin-1/2 models with both isotropic and anisotropic interactions in 2D, as rep- 87 Rb atoms with hyperfine ground states |gσ (representing spin-1/2) coupled to n 2 P 1/2 Rydberg states with σ ± polarized light and interacting via vdW interactions. (c) Spin interactions Jα of Eq. (1) as a function of distance ρ realizing quantum spin ice on a Kagome lattice [9] . Red (gray) dotted lines indicate NN and NNN interactions [red (gray) arrows in panel (a)]. Here |r± = |60 2 P 1/2 , ± neighbor (NNN) couplings, as a function of r ij = r i − r j including the range, angular dependence and strength of the couplings. Below we wish to illustrate the broad tunability offered by our setup in the context of a paradigmatic example illustrated in Fig. 1 : on a Kagome lattice, different coupling realizations of Eq. (1) encompass a variety of physical models, including Kagome quantum spin ice (requiring J +-= 0) [9] and extended XYZ models [10] . These models encompass a prototypical feature of frustrated quantum magnets, i.e., the emergence of dynamical gauge fields [1] . The specific form of the underlying gauge theories and the presence of topological spin liquid phases has been actively debated, making the controlled realization of such Hamiltonian dynamics timely matched with current theoretical efforts. In our setup we consider single atoms loaded in trap arrays of tunable geometry with spacings on the micrometer scale as demonstrated in recent experiments [7, 8] . We are interested here in alkali atoms, where a pair of states from the two hyperfine manifolds in the atomic ground state represents the effective spin-1/2 [11] . To be specific we consider 87 Rb atoms and choose
Interactions between these effective spin states are induced by admixing highly lying Rydberg states to the atomic ground states with laser light, where van der Waals (vdW) interactions provide a strong coupling even at micrometer distances. The key element is the excitation of Rydberg states with finite orbital angular momentum exhibiting fine structure splitting, and it is the combination of the spin-orbit interaction and vdW interactions which provides the mechanism for the spin-spin coupling. As indicated in Fig. 1(b) , we assume excitations by left and right circularly polarized lasers with propagation direction orthogonal to the lattice plane. In this configuration the ground states are coupled to the two Rydberg Zeeman levels |r σ=± ≡ |n
2 is the maximally polarized nuclear spin state, which remains a spectator in our dynamics [12] . This choice of laser configuration leads to spin couplings J α (ρ ij ) with a purely radial dependence as a function of the distance ρ ij = |r i − r j |, as shown in Fig. 1(c) . This illustrates the design of Kagome quantum spin ice (J +-= 0) [9] for realistic atomic parameters. As discussed below, an angular dependence of J α can be obtained by inclining the laser beams [13] .
To obtain the desired spin-spin interactions in Eq. (1) we consider a pair of atoms and derive by adiabatic elimination of the Rydberg levels the effective Hamiltonian for the ground state spins. Our starting point is the microscopic Hamiltonian,
+H vdW , which is written as the sum of a single atom Hamiltonians including Zeeman split energy levels of the various states, the laser driving and the vdW interaction. In the rotating frame we have H (i)
, where ∆ σ denotes the laser detunings, Ω σ the Rabi frequencies and ϕ σ local laser phases. Since the derivation of the effective Hamiltonian is invariant under local gauge transformations, in the following we fix ϕ σ = 0 without loss of generality.
At the heart of our scheme is the vdW interaction H vdW between the Zeeman sublevels in the n 2 P 1/2 manifold. For the atomic configuration of Fig. 1(a) (atoms in the xy-plane and lasers propagating along z) this vdW interaction has the structure (see SM)
written in the basis {|r -r -, |r -r + , |r + r -, |r + r + } of Rydberg Zeeman states. Here, V σσ (r) ≡ c σσ /ρ 6 are the (diagonal) vdW interactions between the pair states |r σ r σ , with V ++ = V --and V +-= V -+ . In addition we have "flipflop" interactions between the states |r -r + and |r + r -and also "flip-flip" and "flop-flop" interactions between the Rydberg states |r -r -and |r + r + , with coupling strength W +-and W ++ , respectively, where
6 . This arises from the fact that in our configuration the total magnetic quantum number M = m j + m j can change by 0 or ±2 [14] . The corresponding C 6 -coefficients c ++ , c +-and w of Rb, which can be attractive or repulsive, are plotted in Fig. 2(a) as a function of the principal quantum number n. We emphasize that in writing the time-independent Eq. (2) we have assumed ∆E r −(∆ + −∆ -) = 0, corresponding to the energy conser-vation condition for Raman processes between the spin ground states. We note, however, that ∆ + and ∆ -can still be chosen independently via an appropriate choice of laser frequencies and Rydberg Zeeman splitting ∆E r . [15] In the following we will derive the effective spinspin interactions of Eq. (1) by weakly admixing these Rydberg-Rydberg interactions to the ground state manifold with lasers. We note, however, the basic features of these spin-spin interactions can already be identified in H vdW : (strong) diagonal interactions V ++ and V -+ will induce tunable J z interactions between the dressed ground states |g -and |g + , while the couplings W +-and W ++ give rise to the J +-and J ++ spin flips terms, respectively.
In the limit of weak laser excitation we obtain the effective spin-spin interaction between the ground states by treating the laser interactions H (1)
L as a perturbation. As a first step we diagonalize H (1) A +H (2) A +H vdW as the dominant part of the Hamiltonian in the subspace of two Rydberg excitations. This results in four new eigenstates
where σ = +, -and we definedσ ≡ −σ with corresponding eigenenergies
shown in Fig. 2 (c). These new eigenenergies can be interpreted as Born-Oppenheimer adiabatic potentials. Here, we used the short hand notation
We note that for large distances E ++ (ρ → ∞) = −2∆ + and E --(ρ → ∞) = −2∆ -, corresponding to states |r + r + and |r -r -, respectively, while the states |r -r + and |r + r -become asymptotically degenerate with energy Fig. 2 (b) determine the sign of the slope of the new eigenenergies at short distances. In particular, for n 2 P 1/2 states of 87 Rb we find that for n ≥ 41 the eigenenergies E ++ (ρ), E +-(ρ) and E -+ (ρ) are repulsive while E --(ρ) is attractive at short distances [see Fig. 2 (c)]. For detunings ∆ + /∆ -< 0 and ∆ + + ∆ -< 0 we avoid resonant Rydberg excitations for all distances, i.e. there are no zero-crossings of E σσ (ρ), and perturbation theory in Ω σ /|E σ σ | is valid for all ρ.
In 4th order in the small parameter Ω σ /|E σ σ | 1 we obtain an effective spin-spin interaction Hamiltoniañ
between the dressed ground states atoms. The diagonal (a) (b) Figure 3 . Path of perturbative couplings between the states (a) |g+g+ and |g-g-and (b) |g+g-and |g-g+ visualizing the perturbative expressions behind J++ and J+-of Eqs. (7), respectively. The energies E σσ are plotted for a specific interatomic distance ρ (with abbreviationΩσ ≡ Ωσ/ √ 2). Yellow and blue dotted paths can interfere destructively (see text).
interactions arẽ
which, for small distances, are step-like potentials with
. We have absorbed single particle light shifts in the definition of the detunings (see SM). For the "flip-flop" and "flopflop" interactions we get
which are peaked at R
, respectively, and go to zero for small and large distances. The spin couplings of Eq. (1) are then obtained as
, and J ++ (r ij ) = 2W ++ (r ij ).
Figure 1(c) shows a plot of (7) for n = 60 P 1/2 and a typical set of laser parameters. The diagonal J z interaction is steplike with a repulsive (antiferromagnetic) soft core at small distances, ρ < 2 µm and an attractive (ferromagnetic tail) at long distances. The spin flip term J ++ is peaked at ρ ≈ 2.5 µm while J +-= 0, thus realizing the Hamiltonian of quantum spin ice on a Kagome lattice [9] at a lattice spacing a = 1.8 µm. The lifetime of the 60P 1/2 Rydberg state including blackbody radiation at T = 300 K is τ 60 = 133 µs [16] which yields an effective ground state decay rate of
60 ≈ 2π × 18 Hz for Ω -= 2π × 5 MHz and ∆ -= 2π × 50 MHz, which is more than one to two orders of magnitude smaller than typical interaction energy scales shown in Fig. 1(c) . The fine structure splitting between the 60P 1/2 and 60P 3/2 manifolds is ∆E F S ≈ 2π × 920 MHz which is much larger than the Rydberg interactions for distances larger than about 2 µm.
The form and strength of the effective spin-spin interactions of Eqs. (5) and (6) shown in Fig. 1(c) , including J +-= 0 for ∆ + = −∆ -, can be understood in terms of quantum interference of the various paths contributing to the perturbation expressions (7) . These paths are illustrated in Fig. 3 : both the states |g + g + and |g -g -(panel a) and also the states |g + g -and |g -g + (panel b) are coupled via four laser photons (blue arrows), giving rise toW ++ andW +-, respectively. In particular, the states |g + g + and |g -g -are coupled either via |E ++ or via |E --with position dependent coupling rates Ω σ sin χ(ρ) and Ω σ cos χ(ρ). For large distances sin χ(ρ) → 0 and thus W ++ → 0 while at short distances the "flop-flop" process is suppressed by the large resolvents E −1 σσ giving rise to the peaked form of W ++ as a function of ρ. Panel (b) shows eight possible paths which can couple the |g + gand |g -g + states. We note that both the two blue and the two yellow dotted paths coupling |g + g -either to |E +-or to |E -+ , respectively, differ only by the energy denominators ∆ −1
-. Thus, for ∆ + = −∆ -the two yellow dotted paths and also the two blue dotted paths will interfere destructively and the "flip-flop" process vanishes, i.e. J +-= 2W +-= 0, as shown in Fig. 1(c) .
We now turn to a setup with laser propagation direction (z-axis) inclined with respect to the 2D plane containing the trapped atoms. This allows for an angular dependence (anisotropy) of the J α (r ij ). In addition, we find as a new feature the appearance of resonances in the spin-spin couplings as a function of spatial distance in the lattice. The origin of the anisotropy is the strong dependence of the various vdW interactions matrix elements on the angle ϑ between the z-axis (defined by the laser propagation direction) and the relative vector connecting the two atoms i and j (see SM for details). As an example, we show in Fig. 4 the spin-spin interactions for a propagation direction of both lasers parallel to the 2D plane (zx-plane). The anisotropy of the J α as a function of the angle ϑ is shown in panels (a-c). In particular, W ++ (r, ϑ) ∼ sin 2 ϑ, and thus vanishes along the z direction, reflecting the conservation of angular momentum M = m j + m j . In addition for ϑ = π/2 resonances appear at specific interparticle distances, where one of the eigenenergies E σσ (4) crosses the energy surface E = 0 corresponding to ground state atoms |g σ , g σ (indicated by the red stars in panel d). This gives rise to clepsydrashaped resonances in J α , as shown in panels a-c, which in our perturbative treatment appear as singularities as a function of the distance, with J α changing sign across the resonance.
We conclude with a perspective on the quantum manybody physics opened by the present work. The toolbox described above, together with techniques of adiabatic state preparation [17] paves the way toward the engineering of frustrated spin models, where different aspects of the interaction pattern can be exploited. First, the independent tunability of both J +-and J ++ couplings selects a particular spin symmetry, either conserving the total magnetization j S z j or the parity j S z j , giving rise to a U(1) or Z 2 symmetry, respectively. This finds immediate application in the context of extended quantum ice models [18] , as illustrated in Fig. 1 for Kagome quantum spin ice [9] . Within the same geometry, moving away from ∆ + = −∆ -regime, a finite J +-can be switched on, and extended XYZ models can be realized [10, 19] . The ability of controlling each coupling strength in an angularand distance-dependent way (c.f. Fig. 4 ) points toward the realization of models displaying intermediate symmetry, such as, e.g., compass models [20] . By properly choosing the lattice spacings on a square lattice, it is possible to single out interactions along one direction of pure zz-type, and of ++ type along the other, thus realizing extended square compass models. The large energy scales provided by the vdW interactions, combined with in situ measurement techniques demonstrated in large-spacing lattices [7, 8] , make the observation of different physi-cal phenomena encompassed by these models, such as emergent gauge theories and exotic spin liquid states [1] , accessible within Rydberg atom experiments.
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Note added. -In the final stages of the work we have been informed by T. Pohl of related work in the context of spin-1 models. Away from Foerster resonances two laser excited Rydberg atoms dominantly interact via van der Waals interactions [5] . These van der Waals interactions, H (i,k) vdW , will mix different Zeeman sublevels |m j in the nP 1/2 manifold [14] . Let us denote byP = i,j |m i , m j m i , m j | a projection operator into the nP 1/2 manifold, then dipoledipole interactions
will couple states in theP manifold to intermediate states,Q α,β = |α, β α, β|, which have an energy difference δ αβ . Here, d (i) is the dipole operator of the i-th atom and r = (r, ϑ, ϕ) is the relative vector between atom i and atom j in spherical coordinates and d 
where
vdW is understood as an operator acting in the manifold of Zeeman sublevels.
Due to the odd parity of the electric dipole operators d
ν , the dipole-dipole interaction, V dd , can couple initial nP 1/2 states only to n S 1/2 or n D 3/2 states. Therefore, there are four possible channels shown in Tab. I(left) for which the matrix element nP 1/2 m 1 | nP 1/2 m 1 |V dd |n , α , j α , m α |n , β , j β , m β of Eq. (A1) is non-zero. Here, ( α,β , j α,β ) can either correspond to S 1/2 or D 3/2 states depending on the channel. While there is no selection rule for possible final principal quantum numbers n and n which solely determine the overall strength of the matrix element, the dipole-dipole matrix element is only non-zero if the magnetic quantum numbers and the spherical component of the dipole operator fulfill m 1 + µ = m α and m 2 + ν = m β . The total vdW interaction of Eq. (A1) can be obtained by summing over all channels ν, that iŝ
Here, C
6 contains the radial part of the matrix elements
which accounts for the overall strength of the interaction and is independent of the magnetic quantum numbers.
we denote the radial integral. The matrix
on the other hand is a matrix in the subspace of magnetic quantum numbers which contains the relative angles between the two atoms (s = 1/2)
For the individual channels ν ∈ {a, b, c, d} of Tab. I we find
with 1 4 the 4 × 4 identity matrix and
iφ sin(2ϑ) 13 − 3 cos(2ϑ) −3 cos(2ϑ) − 5 −3e −iφ sin(ϑ) 3e iφ sin(2ϑ) −3 cos(2ϑ) − 5 13 − 3 cos(2ϑ) −3e −iφ sin(ϑ) 6e 2iφ sin 2 (ϑ) −3e iφ sin(2ϑ) −3e iφ sin(2ϑ) 3 cos(2ϑ) + 11
written in the basis {| 
The total vdW interaction matrix in the nP 1/2 subspace becomes
where the coefficients C (ν) 6
depend on the principal quantum number n, see Fig. 5 .
We note that the vdW Hamiltonian describing the interactions between S 1/2 -states can be written in the exact same form as Eq. (A10). However, the coupling terms, C (ν) 6 , correspond to the channels of Tab. I(right). Therefore, the radial matrix elements for S 1/2 states differ only slightly due to the fine structure splitting ∆E F S between P 1/2 and P 3/2 states, see Fig. 5 (right). In the limit where the fine structure can be neglected compared to other energy scales we find C , and since dipole-dipole interactions cannot mix spin degrees of freedom there cannot be any vdW mixing of Zeeman levels in the absence of fine-structure. The first correction will be proportional to ∼ ∆E F S /δ αβ D 0 . It is therefore only the spin-orbit coupling in the intermediate Q α,β manifold which mixes different Zeeman sublevels in the case of S 1/2 states.
On the contrary, for P 1/2 states, the radial coefficients
differ much more strongly due to the energy difference between d-and s-states and due to the fact that Zeeman sublevels in the nP 1/2 manifold are already a superposition between m s = ± 1 2 states of the electronic spin. Therefore, mixing of Zeeman sublevels for nP 1/2 states can be of the same order of magnitude than the diagonal terms and play a significant role. In the special (1D) case ϑ = 0, the doubly excited levels | are not coupled to any other doubly excited states which is a consequence of the conservation of the total angular momentum. On the contrary, for ϑ = π/2 (atoms polarized perpendicular to the plane), the Hamiltonian of Eq. (A10) reduces to Eq. (2) with
shown in Fig. 2(a) as a function of the principal quantum number n. In the following sections of this supplemental material, we will consider this particular orientation as it is the simplest configuration of vdW coupling where the doubly laser-excited state | for (left) nP 1/2 and (right) nS 1/2 Rydberg states of 87 Rb as a function of the principal quantum number n for different channels ν of Tab. I. 
L , couples two hyperfine ground states |g -and |g + to the Zeeman sublevels in the nP 1/2 Rydberg manifold with detunings ∆ σ and Rabi frequencies Ω σ (σ = +, -), respectively, see Fig. 1(b) . Uncoupling the nuclear spin the hyperfine ground states read
, where m I is the projection quantum number of the nuclear spin. Using σ + and σ -polarized light for the transition |g -
respectively, couples to two different Rydberg states but both in the same nuclear state. Thus, hyperfine structure can be treated as a spectator in the Rydberg manifold. Neglecting (small) hyperfine interactions, these are closed cycle transitions and do not couple to any other states in the hyperfine manifold. There are several alternative possibilities, e.g.
, which can be laser excited to specific Rydberg states |g -
Appendix C: Effective ground state potentials
Adiabatic elimination
In the dressing limit, Ω σ ∆ σ , atoms initially in their electronic ground states |g 1 . . . |g N are off-resonantelly coupled to the Rydberg states |r 1 . . . |r N and the new "dressed" ground states inherit a tunable fraction of the Rydberg interaction [6] . The effective interaction potential between N atoms in their dressed ground states, |g 1 . . . |g N , can be obtained by diagonalizing the Hamiltonian H mic for a fixed relative position and zero kinetic energy. The total Hamiltonian H mic has block structure
where H n governs the dynamics in the subspace with nRydberg excitations present, while the Ω n matrices describe the coupling between adjacent sectors n and n − 1 due to the laser. Only subspaces H n≥2 contain the interaction potentials V ij and W ij since we assume that ground and Rydberg states do not interact at long distances. Adiabatically eliminating (up to fourth order in Ω σ /∆ σ 1) of the Rydberg states yields an effective interaction in the subspace of hyperfine states
which yields (for two atoms)
written in the basis of the hyperfine states
In the following we will discuss the various potentials separately.
The potentialṼ++ andṼ--
Adiabatic elimination up to fourth order in Ω/∆ of the Rydberg states yields
, where asymptotically we just recover the single particle light shifts (up to fourth order)
The relative height of the potentials becomes
with α
Due to the resolvent both potentials can be divergent for W 2 ++ − (V ++ − 2∆ -) (V ++ − 2∆ + ) = 0, when two BornOppenheimer surfaces undergo an avoided crossing. This happens at
In order to avoid such divergences and to obtain step-like potentials we require Im(R div ) = 0. For α 6 [6] .
Coupling elementW++
For the coupling matrix elementW ++ adiabatic elimination up to fourth order in Ω/∆ yields
where ∆φ = (k 1 − k 2 )(r 1 + r 2 ) is the phase difference between the two lasers at the center of mass position. Note that this phase can be gauged away using a local gauge transformation -a rotation around the z-axis in the spin-basis. Asymptotically and at the origin (r = 0) the coupling matrix element vanishes .
Again, this matrix element is regular for α 
4. PotentialṼ+-For the potentialṼ +-adiabatic elimination up to fourth order in Ω/∆ yields
where asymptotically we just recover the single particle light shifts (up to fourth order) 
